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Due to the rapid development in light 
emitting diode (LED) technology for the last 
few years, the LED illumination is 
expanding in both indoor and outdoor 
lighting. The measurement techniques 
developed for the cenventional light sources 
to measure quality and characteristics of 
light are not always suitable for LEDs. It is 
also not well-known how end-users would 
evaluate the LED lighting in ofﬁces. The 
colour rendering properties and the CCT are 
important aspects for user acceptability of a 
light source. However, the CIE CRI is not 
well-suited for white LED light. Therefore, 
understanding and assessment of the 
relevant factors that affect the quality of 
LED lighting in ofﬁces are relevant in the 
development of LED lighting technology. 
This thesis considers end-users' evaluation 
of LED lighting in ofﬁce environment and 
thus explores the end-users' preferences and 
acceptance of a lit environment under 
different types of LED spectra. 
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Abstract 
During the last decade, lighting technology based on light-emitting diodes (LEDs) has 
advanced rapidly and is paving the way for the application of LED lighting in ofﬁces. Two 
experiments were carried out to study user preference for different LED light spectra and 
correlated colour temperature (CCT), and to determine user acceptance for LED ofﬁce lighting. 
In a lighting booth experiment, twenty one different LED spectral power distributions (SPDs) 
were realised considering colour quality scale (CQS) gamut area scale Qg, CQS Colour 
preference scale Qp, feeling of contrast index (FCI) along with the CIE colour rendering index 
(CRI) at the CCTs of 2700K, 4000K, and 6500K. The observers evaluated the lit scenes under 
different light spectra at 500 lux for different factors such as brightness, visual comfort, and 
pleasantness. The observers preferred the LED SPDs which had higher values of a reference-
based metric (Qp) or higher values of an area-based metric (Qg). The chromaticity difference 
(Duv) values also inﬂuenced the user preference of the light spectra. The observer preferred 
the CCT of 4000K and 6500K to the CCT of 2700K at 500 lux. 
The ﬁndings of the lighting booth experiment were used as the base line for the ofﬁce room  
experiment where six different LED SPDs were realised at the CCTs of 4000K and 6500K 
considering Qp, Qg, and FCI. The observers evaluated the lit environments under different 
SPDs for brightness, visual comfort, glare, and pleasantness of colour of light along with other 
lighting aspects at illuminance levels of 300 lux and 500 lux. At 4000K, the observers preferred 
the LED light spectra which had higher values of Qp and Qg to the ﬂuorescent lamps in the 
ofﬁce environment at 500 lux. The preferred LED SPDs had negative Duv values, whereas the 
ﬂuorescent lamp had positive Duv values. The observers preferred the CCT of 4000K to 6500K, 
under which the observers felt more comfortable and found the colour of light more pleasant 
than under 6500K at 500 lux. It was also found that the lit environment should be able to 
provide good quality lighting for visibility and the observers should feel visually comfortable in 
that lit environment if the illuminance level is varied. 
The results indicate the need to develop LED light spectra for ofﬁce lighting considering Qp 
and Qg with negative Duv values within the recommended limit. As the Duv values affected the 
observers' preferences, colour of white light should be characterised not only by CCT but also 
by Duv values. 
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temperature, preference, acceptance 
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1. Introduction 
1.1 Background 
Lighting accounts for 30% - 40% of the total energy consumption in office 
buildings and European office buildings use about 50% of their total electricity 
consumption for lighting [1]. Fluorescent lamps (FLs) are commonly used in 
office buildings [1], [2]. An energy efficient lighting technology would help to 
conserve energy in offices. However, users do not necessarily accept a new 
technology if it fails to meet their expectations and needs. A light source can be 
energy efficient with reasonable price but may not be accepted by the end us-
ers if the colour quality in terms of colour rendering is not acceptable [3]. 
Though the compact fluorescent lamps (CFLs) were more energy efficient 
than the incandescent lamps, they were not well accepted by the end-users for 
various reasons in the 1980s and 1990s [4]. Bad colour rendering and varia-
tions in colour characteristics, particularly colour consistency and correlated 
colour temperature (CCT) were some of the factors of the end-users dissatis-
faction with the CFLs in the early stages and in the 1990s [5]–[7]. Along with 
other factors, too bluish appearance of light was also a reason why end-users 
did not accept CFLs well [8]. The visual colour rendering of the CFLs [9] was 
not good, even when the CIE (International Commission on Illumination) col-
our rendering index (CRI) of the CFLs was good. With time, more advanced 
CFL technology has appeared in the market. However, the fluorescent lamp 
technology (i.e. FL and CFL) can be considered mature and significant im-
provements in terms of luminous efficacy are not expected in the future.  
As an alternative to the existing lighting technologies, lighting technology 
based on light emitting diodes (LEDs) has emerged bringing with it the poten-
tial for significant energy savings [10]. In the last few years, the evolution of 
this technology has been so rapid that LEDs are competitive alternatives in 
office lighting [11]. Recently, an LED luminaire with efficacy of 200 lm/W was 
demonstrated by Cree and the efficacy was two times higher than that of the 
best linear fluorescent lamp luminaires [12]. 
One of the advantages of LEDs is the tunability or controllability of the light 
spectrum [13] realised with them. LED lighting systems can be developed by 
mixing different types of LEDs [14] to produce tunable white light with varying 
spectral power distributions (SPDs).  
LEDs still have challenges to overcome to be competitive and applicable in 
general illumination including office lighting. The CIE CRI is not well-suited 
for white LED light [15]–[17] but is still in use to describe colour rendering of 
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light sources until a new and more suitable metric is developed [10]. The SPDs 
of LEDs [18], [19] are different from those of lamps of existing technologies. A 
study [18] showed that optimising LED SPDs to achieve white light may lead 
differences between the measured and observed (visual) colour rendering 
properties. The spectra of different light sources are shown in Figure A1 in 
Appendix A. There is a probability that suboptimal LED products could be 
developed, potentially wasting energy as the metric is not well-suited [3].  
The colour rendering and CCT are two important factors for describing the 
colour quality of a light source and both factors are encompassed by the SPD 
of the light source [3]. The colour rendering is defined by the CIE as “Effect of 
an illuminant on the colour appearance of objects by conscious or subcon-
scious comparison with their colour appearance under a reference illumi-
nant” [20]. According to the CIE colour temperature is defined as “If the 
chromaticity lies exactly on the Planckian locus the temperature of the 
Planckian radiator is the colour temperature (CT) of the test source”.  How-
ever, if the chromaticity of the test source deviates slightly from a point on the 
Planckian locus, the expression CCT is used instead of CT. The CIE defines 
CCT as “CCT is the temperature of the Planckian radiator having the chroma-
ticity nearest the chromaticity associated with the given spectral distribution 
on a diagram where the (CIE 1931 standard observer based) u', 2/3v' coordi-
nates of the Planckian locus and the test stimulus are depicted” [21].  
The CIE CRI is calculated by using the CIE Test Sample method approved by 
CIE in 1974 [20]. The CIE CRI is the average of the first eight special colour 
rendering indices (Ri). The special colour rendering index (Ri) is calculated for 
each of the eight samples by equation (1). 
 
?? ? ??? ? ??????,      (1) 
where ??? is the colour difference between the reference and the test source of 
ith colour sample. 
The colour rendering and the CCT are important aspects for user acceptabil-
ity of a light source [8], [22]. By tuning the LED SPDs both colour rendering 
and CCTs can be varied to satisfy users’ needs [14]. It is thus foreseen that tun-
able LED lighting would be able to satisfy many of the end-users’ expectations 
and requirements and such systems are expected to enter general lighting ap-
plications including office lighting in the near future. 
However, the successful implementation of a new technology is determined 
by correctly matching the technology with the needs of the particular applica-
tion and by the acceptance of the end-users according to their needs. If LED 
lighting technology does not fulfil end-user expectations and requirements 
regarding colour characteristics, it might fail to gain successful market pene-
tration. Therefore, the understanding and assessment of the relevant factors 
that affect the quality of LED lighting in offices are relevant in the develop-
ment of LED lighting technology. 
For LED lighting in offices, a more diversified description of lamp light 
quality will be required. Very limited research related to the users’ require-
ments, expectations, and preferences for LED lighting in offices has been done. 
Introduction 
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Subjective preference studies can often be the only available and relevant 
method when the success of a new technology such as LED has to be assessed 
in terms of end-user acceptance [23]. User preference studies and subjective 
assessment of LED lighting are the means to find out the answers to the above 
discussed factors. Thus, the user preference and acceptance study of LED 
lighting is a prerequisite and visual subjective validation is required to know 
the effects of different LED SPDs on users. 
1.2 Aim of the work 
The overall objective of the work is to find out the applicability and acceptabil-
ity of LED lighting with realised SPDs for offices. 
The first objective is to find out users’ preference and acceptance of LED 
lighting in offices considering lighting factors related to visual perception. The 
second objective is to find out which CCT users prefer for office lighting when 
realised LED SPDs along with fluorescent lamps were used. The subjective 
assessment was based on questions regarding visual perception, which mainly 
included lighting factors related to visual comfort, brightness, and pleasant-
ness of colour of light. 
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2. State of the art 
2.1 Introduction 
The SPD of light sources is one of the important determining factors of the 
colour characteristics of light in a lit space. Two properties, CCT and colour 
rendering index [1], describe the colour of a light source, both of which are 
determined by the light source SPD. Different SPDs will make a lit space ap-
pear different [24] and can influence the visual perception of the lit environ-
ment [25]–[28]. Visual perception and subjective responses to lighting may 
change under different SPDs at the same illuminance level [29]. Subjective 
responses may also be influenced by the chromaticity difference1 (Duv) values 
[30], [I-II] of the SPDs. 
The light source SPD may affect the brightness perception of lit spaces [31]–
[34] and visual comfort [28], [35] as well. Visual comfort [36] is a matter of 
subjective feelings and perceptions in a lit environment. Visual comfort is a 
very important factor that has effects on good lighting quality [36], [37]. Visual 
comfort is affected by brightness of the task, glare, and other factors [36]. 
Hence, for the assessment of user acceptance of LED lighting in offices, 
brightness perception and visual comfort are important to consider. 
The quality of light has been found to be correlated with the CCT of the light 
source [38]. The CCT of the light source affects the visual perception of a lit 
environment by influencing factors such as brightness, pleasantness, and visu-
al comfort [28], [34], [39]–[41]. It has also been found that CCT may not have 
an effect on brightness [32], [42], while colour rendering properties may have 
a major effect on brightness [42]. 
Light source SPDs may have effects on the pleasantness of a lit environment 
[43]. Both visual comfort and pleasantness may have effects on mood and 
well-being of the users of a lit space [34]. Therefore, it is important to provide 
visual comfort and pleasantness in an office environment. 
 
 
                                                          
1 The chromaticity of a white light source can be specified by CCT and chromaticity differences 
(Duv). The Duv measures the distance from the Planckian locus in the CIE 1976 chromaticity 
diagram i.e. CIE 1976 uniform chromaticity scale (UCS), also known as CIE (u´, v´). Positive 
and negative Duv values are located above and below the black body locus, respectively. [49] 
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2.2 LED SPDs realisation and LEDs in office lighting 
In the beginning of the 2000’s, experiments [9], [24], [44]–[48] were con-
ducted to study subjective assessment of LED lighting in terms of the colour 
rendering property based on different criteria. The studies were done with 
light spectra realised by mixing RGB (red, green, and blue) LEDs. The LED 
light spectra were used as test sources and conventional light sources (fluores-
cent lamps, CFL or incandescent lamps) were used as reference sources. Some 
of the studies [9], [44]–[48] showed that CIE CRI did not describe visual col-
our rendering of LED light spectra well. Shakir & Narendran [24] investigated 
the acceptability of LED lighting and visual appearance of lit scenes at the il-
luminance of 25-35 lux. They found that lighting under the RGB LED spec-
trum was equal to or better than that under the reference lamp. Narendran & 
Deng [48] conducted a subjective study with different LED clusters at the il-
luminance of 200 lux and found that the observers preferred lighting under 
RGB LED clusters in terms of colour preference and reading tasks to that un-
der reference source. 
However, some [9], [44]–[47] of the above mentioned studies were done 
with a small number of observers (8-15). In some of the studies, the CCT dif-
ference between the reference and test lamp was large. There should be no 
difference [48] or the difference should be small [49] because the perceivable 
colour appearance difference [50] among the light sources of same CCT might 
affect the subjective evaluations. In some cases, the difference was about 615K 
at 4000K in the study done by Sándor & Schanda [47] and it was 1200K at 
6500K in the studies done by Sándor et al. [46] and by Sándor & Schanda [47]. 
The difference was 1400K to 2800K in the studies done by Shakir & Naren-
dran [24] and by Narendran & Deng [48]. None of the studies discussed Duv 
values of the light spectra except the study by Schanda [45] but the Duv values 
were outside of the allowed limit (±0.0054) [20]. 
On the other hand, challenges regarding RGB LED lighting were also stated. 
Studies done by Szabó et al. [51] and Viénot et al. [52] showed that RGB LED 
light spectra performed the worst compared to other light sources. The study 
by Szabó et al. [51] was conducted with different LED clusters to investigate 
the colour quality in terms of colour discrimination, colour rendering, colour 
preference, and colour harmony. According to nine observers’ evaluations, the 
RGB LED cluster yielded the worst results. The RGB cluster had the lowest 
CIE CRI (Ra=38) values compared to the others (Ra=72-98). The study by 
Viénot et al. [52] was conducted with different LED clusters realised with dif-
ferent LEDs (Red, green, blue, amber, and cool white LEDs). It was recom-
mended that RGB LED lighting should be avoided because the RGB LED clus-
ters yielded poor colour discrimination compared to reference lamps. The RGB 
LED SPDs introduced deprivation of radiant energy in parts of the spectrum. 
Other LED clusters (Duv values of two LED clusters were outside of the allowed 
limit) also impaired colour discrimination. All the LED clusters had much low-
er CIE CRI values and Ra14 values than those of the reference lamp. 
                                                                                    State of the art 
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Improvement was made in realising LED SPDs by adding more LEDs to sup-
plement missing parts of radiant energy in the spectrum. Studies by Mahler et 
al. [27] and Viénot et al. [53] showed that LED clusters, which included warm 
and cool white LEDs and other colour LEDs (red, green, blue, and amber), 
would render colours well. It was suggested [53] that by using a correct com-
bination of the LEDs, it would be possible to achieve satisfactory performance 
in terms of the colour discrimination and colour appearance of the LED SPDs 
and thus to provide much more satisfactory lighting. 
Viénot et al. [34], [54] conducted experiments with LED SPDs realised for 
very high CIE CRI values (Ra>90). Colour appearance (hue and brightness) 
and subjective feelings (such as brightness, visual comfort, and pleasantness 
etc.) were evaluated at the CCTs of 2700K, 4000K, and 6500K under different 
illuminance levels. It was found that pleasantness and visual comfort in-
creased as the CCT decreased and brightness increased as the CCT increased at 
a given illuminance. However, the effects of LED SPDs and Duv values of the 
LED SPDs were not discussed. 
LED lighting was found to be quite positive in some visual subjective studies 
conducted in light booths. Studies by Boissard & Fontoynont [15] and Jost-
Boissard et al. [16], [55] were conducted using different LED clusters realised 
as various combinations by mixing red, green, cyan, amber, and white (cool 
and warm) LEDs for different CIE CRI values. The LED SPDs including red, 
green, and white (warm or cool) LEDs were often preferred to fluorescent 
lamps  in terms of colour rendering in the study by Jost-Boissard et al. [55]. It 
was possible to develop LED SPDs to provide a lit environment similar to fluo-
rescent lamps. The LED SPDs were often preferred to fluorescent lamps and 
were well accepted in the study by Boissard & Fontoynont [15]. It was postu-
lated in the study by Jost-Boissard et al. [16] that LEDs could be viable alter-
native to fluorescent lamps when the LED SPDs are realised correctly to pro-
vide white light. Thus, these positive outcomes could be considered as the base 
lines for the further studies in mock-up or real environments with LED light-
ing.  
Yun et al. [29], [35] carried out experiments in a mock-up room with two 
LED SPDs at different illuminance levels to investigate the effects of SPDs on 
subjective appraisals of lighting. The subjective appraisals were done consider-
ing lighting aspects such as visual comfort, preference, brightness, and light 
colour along with other aspects. The SPDs played an important role in investi-
gating subjective evaluation of lighting perception and the observers showed 
preference to the red-colour emphasizing SPD over the blue-colour emphasiz-
ing SPD. The effect of illuminance on the subjective appraisals of lighting was 
found to be dependent on the SPD of LED lighting. However, the colorimetric 
properties (CRI, CCT, and Duv values etc.) of the SPDs were not discussed. 
Few studies concerning LED lighting had been conducted in office environ-
ments and showed contradictory results about the subjective impression of 
LED lighting. Yi et al. [56] conducted a study in a university meeting room by 
replacing fluorescent lamps (4000K, Ra=85) with LED lamps (5300K, Ra=75). 
The observers were satisfied with the lit environment even though the illumi-
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nance of the LED lighting was 30% less than that of FL lighting. Yi et al. [56] 
also conducted a user preference study in laboratory conditions to compare lit 
scenes under LEDs and FL lamps in terms of visual comfort and reading ac-
tivities. Though the lit environment under fluorescent lamps was preferred, 
skin and dress looked better in the lit environment under LED lighting. Re-
garding reading activities, LED lighting was acceptable. It was postulated that 
LED lighting might be acceptable in an office space. Studies by Thompson et 
al. [57], [58] were conducted with thirteen observers at 300 lux in an office 
environment in the lab by replacing FL lighting (3000K) with LED lighting 
(5000K). The LED SPDs were realised for the different CIE CRI values by tun-
ing different LEDs. The LED lighting was found to be positive in terms of visu-
al perception and office activities for the application of office lighting [57]. 
However, the collected data of these studies were not large (320) compared to 
the queries (1365). 
A case study by Ryckaert et al. [59] was conducted in a small office room by 
replacing FL lamps with phosphor converted LED lamps. The visual appear-
ance of the lit environment was assessed in terms of attractiveness, natural-
ness of skins and coloured objects as well as visual comfort, brightness, and 
attractiveness in the whole room. The LED replacement lamps had the CCT of 
3400K (Ra=88), 4200K (Ra=90), 4700K (Ra=65) and the fluorescent lamps 
(Ra=84) had the CCT of 4100K. The illuminance levels under the fluorescent 
lamps were about 80% higher than those under the LEDs lamps. The lighting 
under the LED lamps was not quite compatible and well accepted for office 
lighting. 
None of these studies (done in office or mock-up rooms) discussed the Duv 
values of the spectra. Only the CIE CRI was either considered for realisation of 
the LED SPD or used as the colour rendering metric for the LED light sources 
used in the experiments. 
2.3 Use of different colour rendering metrics 
Ryckaert et al. [59] assessed user evaluation  in a small office room consider-
ing the colour quality scale (CQS) and Memory Colour Rendering Index 
(MCRI) values of lamps. However, CQS or MCRI values did not show con-
sistency with the subjective evaluations. The studies by Boissard & Fontoynont 
[15] and Jost-Boissard et al. [16] assessed user evaluations considering the 
CQS and/or gamut area index (GAI) values for different SPDs. The GAI [16] 
described the observers’ judgment for objects’ colour appearance well. On the 
other hand, it seemed that the CQS was better than the CIE CRI in expressing 
the colour quality of LED SPDs [15]. 
A study conducted by Ohno & Davis [60] used spectrally tuned LED SPDs at 
the illuminance levels of 800 lux (3000K and 4000K). The CQS and the CIE 
CRI were considered for the SPDs. Eight observers evaluated lit environments 
in terms of skin colour and appearance of objects in a real sized room which 
represented an office environment. The general CQS (Qa) predicted the ob-
servers’ preference better than the CIE CRI. The CQS supplementary metric Qp 
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performed well as a preference metric for the visual evaluation of the lit envi-
ronment and the supplementary metric Qg correlated quite well with prefer-
ence as long as the Qg values of the LED light spectra were less than 100. 
Lit scenes between warm CCTs (2850K, 3030K, and 3500K) and cool CCTs 
(5930K and 6100K) were compared at the illuminance level of 150 lux in the 
visual experiment done by Pousset et al. [38]. The observers compared the 
quality (good/not good) of observed colour of different samples under differ-
ent LED lightings. The Qa and Qp did not show consistency with the preference 
for the quality of LED lighting and thus the CQS did not show satisfactory pre-
dictions for quality of LED lighting. The value of Qg was not considered in the 
analysis. 
Thus, different colour rendering metrics showed different results for LED 
light spectra regarding subjective preferences. 
2.4 Preference of CCTs 
The preferences of CCTs are strictly subjective and may also depend on geo-
graphical locations and culture along with other factors [61]. In Japanese of-
fices [2] light sources with 5000K are widely used, whereas light sources with 
4200K are usually used in U.S. offices [62]. 
Subjective judgements and preferences for CCTs showed considerable inter-
observer variation in the study done by Schröder [63]. The illuminance of 500 
lux was found to be significantly more comfortable than the illuminance of 
1000 lux at 3000K but there was no significant difference at 6000K. The warm 
CCT (3000K) was more preferred to the cool CCT (6000K) at both illuminance 
levels in terms visual comfort. The study done by Hu et al. [32] showed that 
observers would prefer to work under light sources with a lower CCT (3500K) 
than to work under a higher CCT (6500K). The CCT of 3500K was judged to be 
more comfortable and satisfying than the CCT of 5000K in the study by Wei et 
al. [41] and the lit environment of an office space (at 500 lux) at 3500K 
(Ra=82) was rated higher (for preference) than at 6500K (Ra=98) [64]. 
Shamsul et al. [40] found that the CCT of 4000K was most preferred and most 
comfortable over the CCTs of 3000K and 6500K. Kang et al. [28] found that 
observers preferred the lit environment under the CCT of 4000K for visual 
comfort over those under the CCTs of 3000K and 6500K. DeLaney et al. [65] 
found that lit environments at 4200K were mostly preferred to those at 
3000K. A study done in office space at 3000K, 4000K, 5000K, and 6000K by 
Park et al. [66] showed various results. In an office experiment, 4000K was 
most preferred, whereas 5000K was chosen to be a suitable CCT for an office 
space and 3000K was found to be most comfortable. When preference was 
assessed in terms of comfort and spaciousness, 4000K was preferred to 2700K 
in the study done by Manav [67]. Cockram et al. [68] found that people pre-
ferred the CCT of 4300K for office work over the CCT of 6500K. Thus, differ-
ent studies showed different CCT preferences. These above mentioned studies 
were done with fluorescent lamps.   
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The difference in spectral distribution of LEDs compared to fluorescent 
lamps, might affect not only the visual perception, but also the well-being and 
performance of people [19]. User preferred CCT may be one of the essential 
factors for the preference and acceptability of the LED lighting. However, few 
studies have been conducted in mock-up rooms or offices for the preference of 
CCT when LED lighting was implemented. 
The experiment done by Spaulding et al. [69] in an office-like booth used 
four lighting conditions: LED spectra at 3500K and 4500K with Ra=90, T8 FL 
4100K with Ra=85 and T8 FL 4100K combined with an incandescent table 
lamp. The lit environment under the FL 4100K combined with an incandes-
cent table lamp was rated to be the most comfortable and the FL 4100K was 
rated to be most pleasant. Huang et al. [70] conducted a study with LED lamps 
(in a class room) with the CCTs 2700K, 4300K, and 6500K at 500 lux. The 
CCT 4300K was preferred to the CCTs of 2700K and 6500K in terms of work-
ing attention. 
Lin et al. [71] conducted experiments in which eight observers performed 
four office-like tasks and did visual assessment under LED lightings at the 
CCTs of 3000K, 4000K, 5000K, and 7000K at 600 lux. The observers pre-
ferred the CCT of 4000K and 7000K in terms of brightness and visual comfort. 
It was suggested that 4000K or the combination of 4000K and 7000K might 
be the best CCT setting for office workers. Ono et al. [2], [72] had eleven ob-
servers evaluating LED lighting in an office environment. The observers could 
choose between illuminance levels and CCT in the illuminance range of 300 
lux to 900 lux and CCT range of 2900K to 5700K, respectively. The users pre-
ferred the CCT range from 3000K to 5500K. However, colour temperature in 
the range of 3500K to 4000K was often selected by the users. Thus, the result 
indicated that there might be a certain range of the preferred colour tempera-
ture for office workers. 
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3. Users’ preference studies in lighting 
booth 
 
3.1 Introduction  
The quality of a light source is highly dependent on its colour characteristics 
and end-users will not accept highly energy efficient light sources with poor 
colour quality [3]. Therefore, a lighting booth experiment was carried out as 
the first phase of the user acceptance study to find out user preferences, re-
quirements, and expectations for office lighting with different realised LED 
SPDs. As the CIE CRI is not well-suited for white LED light spectra [15]–[17], 
other proposed metrics were also considered in realising the LED light spectra 
for the experiment. Sixty observers assessed the visual appearance of different 
lit scenes in a lighting booth in terms of brightness, visual comfort, pleasant-
ness, and interest along with other aspects related to colour quality. 
3.2 Experimental set up 
A booth with three sections was built in a dark room. The middle section of the 
booth had a fluorescent luminaire, while the left and right sections of the 
booth had LED luminaires (Figure 1).  
 
 
 
Figure 1. The booth with a different light source in each section: LED luminaires in the left and 
right, and fluorescent lamp luminaire in the middle  
 
Diffuse grey paint (IN2–NCS-S2500N) was used to coat the inner surfaces of 
the booth to maintain the reflectance of the inner surfaces at 50%. A chair rail 
was set up so that a constant distance of 55–60 cm could be maintained be-
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tween the observer’s eyes and the centre of each section of the booth. Two LED 
luminaires were made with LED panels consisting of twelve LED strings of 
different types and each string had nine LEDs connected in series. Each LED 
type was controlled by PC DMX/RDM USB interface software and a 24 chan-
nel DMX/RDM compatible power supply unit. The master dim function of the 
power supply unit was used to control the light output of the LED luminaires. 
A Plexiglas GS WHO2 diffuser was used beneath the LED panel to provide 
homogeneous illumination at the base of each section of the booth. The fluo-
rescent lamp (circular fluorescent lamps Osram FC 40W) luminaire was con-
structed by using electronic ballast (Helvar EL 1X39 SC). The average horizon-
tal illuminance on the base plane of each section of the booth was maintained 
between 460 lux and 470 lux with the help of DMX control for LED SPDs and 
a dimmer (Osram HF DIM P MCU) for fluorescent lamps. Under the LED 
SPDs, the illuminance uniformity was around 0.85 and under the fluorescent 
lamps it was around 0.80. 
3.3 Spectral power distribution of LEDs 
Twenty-one different LED spectra (seven spectra at each CCT) were realised 
for various combinations of the CIE CRI and three proposed colour rendering 
metrics: Colour Quality Scale (CQS) [73] Gamut Area Scale (Qg), CQS Colour 
Preference Scale (Qp) and Feeling of Contrast Index (FCI) [74]. The criteria 
(Table 1) for all seven LED SPDs at a particular CCT were kept the same. The 
CIE CRI was used to realise the LED SPDs despite its limitations as it is the 
only internationally recognized metric for measuring and specifying the colour 
rendering properties of light sources. The CQS Qp rewards light sources that 
increase the chroma effect and the CQS Qg is related to increased colourfulness 
and preference [73]. The metric FCI is also related to gamut area. However, it 
is claimed that by using the FCI together with the CIE CRI, the colour-
rendering capability of a light source can be well-defined and clarified [74]. 
The perceived chroma of object colour increases under illumination of a light 
source with a high FCI value, and the brightness sensation should become high 
[74].  
 
Table 1. Different criteria considered for realisation of LED SPDs at three CCTs; 2700K, 
4000K, and 6500K 
 
SPDs Criteria/properties 
SPD 1 Very high value of CRI (> 95) 
SPD 2 High Qg value (115-119) and Ra= 80 
SPD 3 High FCI value (135) and Ra= 80 
SPD 4 Low FCI value (89-93) and Ra= 80 
SPD 5 High Qp value (around 100) and Ra= 80 
SPD 6 Low Qp value (72-76) and Ra= 80 
SPD 7 Mimic to fluorescent lamps regarding Qp, Qg, FCI value and CIE CRI 
 
The values of the chromaticity differences (Duv) for different LED SPDs were 
kept below the recommended value of 0.0054 [20]. The values of metrics Qp 
and Qg of all SPDs were calculated by using Excel-based software version 7.5 
(CQS 7.5) provided by the US National Institute of Standards and Technology 
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(NIST). A new version of CQS (CQS 9.2) was also used to calculate those val-
ues. The GAI and FCI values of all SPDs were also calculated. Measurement of 
spectra was carried out with spectrophotometer Konica-Minolta CS 2000. The 
display wavelength bandwidth of the spectrophotometer was 1 nm and the 
spectral bandwidth was 5 nm in the range of 380 to 780 nm. Table A1 in Ap-
pendix A [I] shows the measured colorimetric characteristics of eight spectra 
at 2700K, 4000K, and 6500K.  
3.4 Methods 
3.4.1 Observers 
Altogether 60 observers with normal vision participated in the experiment. 
There were 20 male and 20 female observers aged 20 to 40 years (average age 
25.5 for male and 24.6 for females), and 10 male and 10 female observers aged 
50 to 65 years (average age 56.1 for male and 54.9 for females). All the observ-
ers were tested for visual acuity (with or without glasses) and colour vision 
before they took part in the experiment. None of the observers had a back-
ground in the lighting field. 
3.4.2 Questionnaire 
The questionnaire used in the experiment had two parts (see Appendix B [I]): 
(i) individual evaluation and (ii) comparison evaluation. The individual eval-
uation referred to viewing a single section of the booth at a time and rating the 
lit scene in that section. For individual evaluation, the observers expressed 
their assessment by putting a mark on a continuous line scale in the question-
naire. There were questions related to visual appearance and visual perception 
of the lit scene in the booth and about the naturalness and colourfulness of the 
selected objects shown in the booth. Seven different objects were selected to be 
assessed in terms of naturalness and colourfulness: a coloured picture, a Mac-
beth Colour Checker (MCC) chart, a sample of wood, a smartphone, a Coke 
can, a hand (skin), and a printed text. They were selected to represent different 
objects and colours found in a typical office. 
Questions related to visual appearance mainly dealt with brightness 
(dim/bright), visual comfort (uncomfortable/comfortable), pleasantness (un-
pleasant/pleasant), and boredom (boring/interesting) of the lit scene in the 
booth under different SPDs. In the comparison evaluation, the observers com-
pared the naturalness of objects and lit scenes in terms of overall preference 
under LED SPDs in the right section of the booth and under fluorescent lamps 
in the middle section of the booth. 
3.4.3 Evaluation sessions 
Each observer evaluated 24 lit scenes (7 LED SPDs x 3 CCTs and 1 Fluorescent 
lamp x 3 CCTs). The observers participated in six different sessions (two ses-
sions at each CCT) on six different days. At the beginning of each session, the 
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observers were given five minutes to adapt to the lighting conditions in a single 
section of the booth. 
During the first session, the observers answered different questions present-
ed in the questionnaire and judged four lit scenes under different SPDs for 
individual evaluation, and performed the side-by-side comparisons between 
the lit scenes under the LED SPDs and the fluorescent lamp SPD at a particu-
lar CCT. Whenever the LED spectrum in the section was changed, the observ-
ers were asked to wait four minutes so that the lit scene under the LED spec-
trum could stabilise and the observer could adapt to the new lit scene. During 
the time of individual evaluation, other sections of the booth were either cov-
ered with black curtain or switched off. During the second session, the same 
procedure as in the first session was followed at that particular CCT. During 
the second session at that particular CCT, a reverse comparison (detailed in-
formation about the reverse comparison can be found in publications [I, II] 
was also done between the lit scenes under one of the LED SPDs and under the 
fluorescent lamp. On average, the observers took about 40 minutes to finish 
each session. The same procedure was performed for the other two CCTs.  
3.5 Results and statistical analysis 
For the statistical analysis, the marked ratings in every question were meas-
ured and converted into a range of values between -3 and 3. The statistical 
analysis for the converted data was performed using the Statistical Package for 
the Social Sciences (SPSS) version 20. For individual data analysis, analysis of 
variance (ANOVA) was used with a significance level of p=0.05.  
3.5.1 Preference of SPDs 
For ANOVA analysis, the different SPDs were considered as the independent 
variables, whereas the ratings of the observers were considered as dependent 
variables. After one-way ANOVA analysis, post-hoc analysis was performed 
using the Duncan procedure to find out which SPDs the observers preferred. 
The differences in the observers’ mean ratings were statistically significant for 
all questions about the visual appearance of the lit scene in the lighting booth 
under all SPDs at 2700K, 4000K, and 6500K. Table 2 shows the mean ratings 
and the results of the statistical analysis for the questions related to visual ap-
pearance of the lit scenes at the three CCTs. Overall, it was found that the ob-
servers preferred SPD2, SPD5, and SPD8 in most cases for the visual appear-
ance of the lit scenes, whereas SPD4 and SPD6 were least preferred. The mean 
ratings under SPD2 were the highest in most cases. 
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Table 2. The mean observer ratings and p-values for different questions related to visual ap-
pearance of lit scenes in booth under different SPDs. 
 
CCT K  SPD1 SPD2 SPD3 SPD4 SPD5 SPD6 SPD7 SPD8 p-value 
2700 
Bright/Dim 
Mean 0,43 1,40* 0,65 -0,16 0,79 0,23 1,01 0,76 <0,001 
SD 1,43 1,08 1,41 1,34 1,29 1,32 1,08 1,23  
Comfortable/ 
Uncomfortable 
Mean 0,65 1,38* 0,62 0,27 1,20 0,41 1,15 1,19 <0,001 
SD 1,46 0,91 1,23 1,37 1,06 1,41 1,25 1,14  
Pleasant/ 
Unpleasant 
Mean 0,70 1,29* 0,60 0,28 1,06 0,32 1,08 1,14 <0,001 
SD 1,45 0,98 1,35 1,40 1,24 1,39 1,34 1,09  
Interesting/ 
Boring 
Mean 0,41 1,09* 0,43 0,09 0,68 0,19 0,70 0,70 <0,001 
SD 1,33 1,10 1,22 1,36 1,33 1,33 1,09 1,10  
4000 
Bright/Dim 
Mean 1,14 1,65* 0,87 0,55 1,53 0,69 0,72 1,52 <0,001 
SD 1,29 1,02 1,43 1,46 1,00 1,27 1,24 1,00  
Comfortable/ 
Uncomfortable 
Mean 1,38 1,37 0,80 0,68 1,14 0,95 0,93 1,51* 0,001 
SD 1,14 1,02 1,24 1,24 1,55 1,26 1,18 1,10  
Pleasant/ 
Unpleasant 
Mean 1,28 1,38 0,77 0,52 1,12 0,95 0,79 1,43* <0,001 
SD 1,24 0,98 1,27 1,42 1,47 1,27 1,20 1,08  
Interesting/ 
Boring 
Mean 0,92 1,22* 0,48 0,20 0,97 0,46 0,42 1,16 <0,001 
SD 1,32 1,09 1,41 1,36 1,16 1,13 1,35 0,96  
 
6500 
Bright/Dim 
Mean 1,23 1,74* 1,20 0,65 1,63 0,65 0,91 1,48 <0,001 
SD 1,20 0,97 1,17 1,49 1,02 1,34 1,33 1,10  
Comfortable/ 
Uncomfortable 
Mean 0,94 0,93 1,02 0,74 1,32 0,54 0,78 1,40* 0,006 
SD 1,44 1,32 1,28 1,40 1,23 1,47 1,23 1,15  
Pleasant/ 
Unpleasant 
Mean 1,02 0,89 1,06 0,62 1,28 0,25 0,67 1,41* <0,001 
SD 1,25 1,35 1,26 1,43 1,24 1,53 1,31 1,09  
Interesting/ 
Boring 
Mean 0,73 0,97 0,98 0,45 1,08* 0,24 0,42 1,08* <0,001 
SD 1,31 1,13 1,12 1,32 1,23 1,45 1,18 1,09  
 
SPD1 to SPD7 are LED spectra and SPD8 is fluorescent lamp SPD  
Bold= the mean values for the SPDs which were in the group with the highest mean   
value in the Duncan test. 
Bold*= the mean ratings which were highest among the mean ratings for a particular 
question. 
italic= the mean ratings for the SPDs which were in the group with the lowest mean  
value in the Duncan test. 
3.5.2 Preference of CCTs 
For one-way ANOVA analysis, CCT was considered as the independent varia-
ble. After ANOVA analysis, post-hoc analysis was performed using the Duncan 
procedure to investigate which CCT the observers preferred. The differences in 
the means of the observers’ ratings were statistically significant (Table 3) at 
three CCT levels in the case of the visual appearance of the lit scenes in the 
lighting booth under different SPDs. For the questions bright/dim and inter-
esting/boring about the lit scenes, CCT 2700K was least preferred and in the 
both cases the mean ratings were the highest at 6500K. For the questions re-
lated to visual comfort and pleasantness about the lit scenes, the observers’ 
mean ratings (highest among the observers’ ratings) at 4000K were statistical-
ly higher than those at CCT 2700K. Overall, CCT 2700K was least preferred 
among the CCTs. 
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Table 3. The mean observer ratings and p-values for different questions related to visual ap-
pearance of lit scene in booth at different CCTs. 
 
Questions 2700K 4000K 6500K p-value 
Bright/Dim 
Mean 0,64 1,08 1,19* <0,001 
SD 1,35 1,28 1,27  
Comfortable/ 
Uncomfortable 
Mean 0,86 1,10* 0,96 0,016 
SD 1,29 1,24 1,34  
Pleasant/ 
Unpleasant 
Mean 0,81 1,03* 0,90 0,033 
SD 1,33 1,28 1,35  
Interesting/ 
Boring 
Mean 0,54 0,73 0,74* 0,019 
SD 1,26 1,28 1,26  
 
Bold= the mean values for the CCTs which were in the group with the highest mean 
value in the Duncan test. 
Bold*= the mean ratings which were highest among the mean ratings for a particular 
question. 
Bold = the mean ratings for the CCT which was in the both groups. 
3.6 Summary 
The statistical analyses showed that overall (considering all three CCTs), the 
observers preferred the lit scenes under SPD2 (high Qg value), SPD5 (high Qp 
value) and SPD8 (fluorescent lamp) in terms of visual brightness, visual com-
fort, pleasantness, and boredom (interesting/boring). On the other hand, 
SPD4 (low FCI value) and SPD6 (low Qp value) were least preferred. The mean 
ratings under SPD2 were the highest in most cases. When the preference of 
CCT was analysed, it was found that overall, CCT 2700K was the least pre-
ferred among the CCTs. However, CCT 4000K was found to be more comfort-
able and more pleasing whereas, 6500K was found to be brighter than the oth-
er CCTs. 
The findings provided the basis for the second phase of the user acceptance 
studies conducted in office rooms. 
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4. User preference studies in office 
rooms 
4.1 Introduction  
For the second phase of the user acceptance studies, an experiment was de-
signed in two office rooms, one illuminated with LED luminaires and the other 
with fluorescent lamp luminaires. The objective of the study was to find out 
users’ preferences and expectations for lighting by investigating the inter-
relations between SPDs, spatial brightness, and illuminance levels. 
In this phase of the study, different LED spectra were optimised at the CCTs 
of 4000K and 6500K by considering three different proposed colour rendering 
metrics as well as the CIE CRI. Light source SPD can affect the perception of 
spatial brightness. The spaces illuminated by different light spectra at the 
same illuminance might appear differently bright [25], [75]. People prefer a lit 
environment which looks bright [76], [77]. Thus, subjective assessment of spa-
tial brightness is an important aspect for user acceptance of LED lighting in an 
office environment. Spatial brightness can be affected by illuminance as well 
[75]. Reductions in illuminances reduce energy consumption. However, it is 
important that the observers are able to perform their work in an office envi-
ronment, feel comfortable and accept the lit environment of the entire room at 
the specific illuminance level. The subjective evaluation of the lit environments 
under different light spectra was assessed by considering different lighting 
aspects such as spatial brightness, glare, spaciousness, visual comfort, and 
pleasantness of colour of light along with others. This work employed two il-
luminance levels (500 lux and 300 lux) at two different CCTs. The observers 
assessed the lit environments while doing different office-related tasks. 
4.2 Experimental set up 
4.2.1 Experimental rooms 
Two identically furnished office rooms (Figure 2) were prepared for conduct-
ing the studies. Both rooms had a floor area of 14.5 m2 and the height of the 
ceiling was 2.45 m. The walls of the room were painted white and the surface 
reflectance was 82%. The reflectance values of the ceiling and floor were 85% 
and 28%, respectively. The temperature inside the rooms was kept at 22-23˚C 
with the help of a ceiling-mounted air-conditioning unit in both rooms. Black 
plastic films were used in the windows to block any daylight from entering the 
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rooms. These black plastic films were covered by venetian blinds in the win-
dows of both rooms. The two rooms were furnished identically with different 
objects (Figure 2) found in a typical office room. 
 
 
 
Figure 2. Views of the experimental room in different directions a) view from the door and b) 
view towards the door 
4.2.2 Luminaires 
One of the experimental rooms was equipped with six ceiling-mounted LED 
luminaires and the other with six ceiling-mounted fluorescent lamp lumi-
naires. Eight T5 fluorescent lamps were installed in each fluorescent lamp lu-
minaire: four LUMILUX T5 HO 24 W/840 (4000K) lamps and four LU-
MILUX T5 HO 24 W/865 (6500K) lamps. The lamps of a particular CCT were 
driven by one Electronic Control Gear (ECG). Each LED luminaire was built 
with the help of an LED-based SPD simulator system (LED Simulator). The 
LED simulator had three main components: 
 
? LED Panels-20-channel LED Panels (LightingMetrics Kft.)  
? Interface-PC DMX/RDM USB Interface (Dezelectric Kft.) 
? Power Supply Unit (PSU)-24-Channel DMX/RDM Compatible PSU  
The LED panel of the LED Simulator had 20 different LED types (with 20 
different peak wavelengths) and 24 LEDs per LED type (with the same peak 
wavelength). The LED panels in the LED luminaires and the lamps in the fluo-
rescent luminaire were concealed by Plexiglas GS WHO2 diffusers in order to 
get homogeneous illumination in the room. All six LED luminaires were con-
trolled by PC DMX/RDM USB Interface software from a computer placed in 
the driver cabinet. 
Different lighting environments were designed for two illuminance levels 
(500 lux and 300 lux) under each SPD at the CCTs of 4000K and 6500K. The 
room with the fluorescent lamp luminaires had four lighting environments [(1 
fluorescent lamp SPD x 2 CCTs) x 2 light levels]. The room with LED lumi-
naires had twelve lighting environments [(3 LED SPDs x 2 CCTs) x 2 light lev-
els]. The illuminance uniformity was around 0.80 under LED lighting and 
around 0.85 under fluorescent lamp lighting at both illuminance levels. 
a) b)
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4.2.3 SPDs of LEDs and fluorescent lamps 
Six different LED spectra (three spectra at each CCT) and two fluorescent lamp 
SPDs (one spectrum at each CCT) were used in the experiment. The LED spec-
tra were realised based on the findings of the light booth experiments. The 
LED spectra were optimised for various combinations of the CIE CRI and the 
proposed colour rendering metrics: the CQS Qg, the FCI, and the CQS Qp. 
SPD1 was realised for high Qp and high Qg values and it had negative Duv val-
ue. SPD2 was realised for high Qp and high Qg values and it had positive Duv 
value. SPD3 was realised to have the similar colour characteristics of SPD1 in 
terms of Ra, Qa, Qp, and Qg values. SPD1 was realised with eleven LED types. 
SPD3 was simplified using only three types of LEDs and had negative Duv val-
ue. This simplified SPD (SPD3) was realised by using red, mint white and blue 
LEDs with peak wavelengths of 658 nm, 639 nm, and 448 nm, respectively. 
These SPDs were realised at 4000K. 
SPD4 was realised at 6500K for high Qp and high Qg values. SPD5 was real-
ised for medium FCI value, and comparatively lower Qp and lower Qg values 
than those of other SPDs at 6500K. SPD6 was realised for medium FCI, high 
Qp and high Qg values. The LED SPDs at 6500K were realised with negative 
Duv values. 
The measured colorimetric characteristics of the eight spectra (SPD1 to SPD6 
are LED spectra and SPD7 and SPD8 are fluorescent lamp SPDs) can be found 
in publications [III, IV]. The value of chromaticity difference (Duv) for all LED 
SPDs was kept within the recommended value of ± 0.0054 [20]. 
4.3 Methods 
4.3.1 Observers 
Forty observers with normal vision took part in the experiment. There were 
ten male and ten female observers aged 20 to 30 years (average age 22 for 
male and 25.8 for females), and ten male and ten female observers aged 50 to 
60 years (average age 57 for male and 54.9 for females). All the observers were 
tested for visual acuity (with or without glasses) and colour vision. The observ-
ers were either students or employees of Aalto University, and none of them 
had a background in the field of lighting. 
4.3.2 Questionnaire 
The questionnaire used in the experiment was adapted from questions of pre-
vious studies [78]–[81] and from the first phase [I] of the user acceptance 
studies. The questionnaire was developed to investigate various aspects of of-
fice lighting such as spatial brightness, colourfulness and naturalness of select-
ed objects, and glare at a working desk and at a meeting table. There were also 
questions related to overall room evaluation such as overall pleasantness, 
overall visual comfort, spaciousness, attractiveness, acceptance as well as 
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overall preferences for the lighting. The response scale of the questions in the 
questionnaire was a seven-point rating scale. 
In this work, four questions [III] were considered for evaluating the lighting 
after a computer task and a reading task at the working desk as well as the 
reading task at the meeting table. They were related to spatial brightness 
(dim/bright), the amount of light (more-light/less-light), glare (glare/no-
glare) and the difficulty (difficult/easy) of the computer/reading task under a 
lighting condition. Four questions were considered for evaluating the overall 
lighting environment in the entire room. They were related to pleasantness of 
colour of light, overall comfort, spaciousness and overall acceptance. 
4.3.3 Evaluation sessions 
Each observer evaluated altogether sixteen lighting environments [(3 LED 
SPDs x 2 CCTs) x 2 light levels) and (1 fluorescent lamp SPD x 2 CCTs) x 2 
light levels] in sixteen sessions. One session consisted of one lighting environ-
ment. 
 
 
 
 
 
 
 
 
 
Figure 3. Observers performing the reading task, a) at the desk, b) at the meeting table 
 
At the start of the session, the observers adapted to the lighting environment 
for five minutes by sitting at the meeting table. After the adaptation, the ob-
server performed a computer task for about five minutes. The task was to 
compare two columns of random numerical codes consisting of five numbers, 
and to find and select the adjacent numerical codes with unequal numbers. 
After finishing the task the observer filled in the questionnaire about the light-
ing conditions during the computer task. 
The reading task at the desk (Figure 3a) was to read a Times New Roman 
text of font size 12 point on an A4-sized paper (one page). The observers were 
given about four minutes to read the text, find the mistakes, and underline 
them. After completing the reading task, the observers filled in the question-
naire about the lighting condition during the reading task. After this they were 
asked to read one line of Times New Roman text of font size 6 point and to 
respond whether they could read it or not. After this, the lighting environment 
at the desk was evaluated for visual appearance. 
The observers then moved to the meeting table (Figure 3b) and were asked 
to read an article in a magazine for four minutes. After reading the magazine, 
the observers filled in the questionnaire about the lighting condition they ex-
perienced during this reading task. They then evaluated the lighting environ-
a) b)
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ment at the meeting table for visual appearance. At the end of the session, the 
observers rated the overall lighting environment while sitting at the meeting 
table. The session ended by writing comments (if they had any) about the 
lighting environment. The same procedure was followed for the rest of the ses-
sions. The duration of one session was about thirty minutes. The first lighting 
environment as well as the subsequent ones for each observer was chosen ran-
domly. 
4.4 Results and statistical analysis 
The observers’ ratings were converted into numerical values on a seven-point 
scale between -3 and 3.  For data analysis, ANOVA (SPSS IBM version 21) was 
used with a significance level of 0.05. 
4.4.1 Statistical analysis for different SPDs and illuminances 
A two-way ANOVA was performed by considering the SPD and illuminance as 
the independent variables and the mean rating as the dependent variable. The 
two-way ANOVA showed that there was no significant interaction between the 
illuminances and the SPDs. Therefore, ANOVAs were performed for the main 
factors, SPD and illuminance level. A post-hoc analysis was performed using 
the Duncan procedure to investigate under which SPDs the observer mean 
ratings were significantly different, and thus to find out the most preferred 
lighting environment. 
4.4.1.1 Statistical analysis for different SPDs at 4000K 
The results of the statistical analysis (Two-way ANOVA) for different SPDs are 
presented in Table 4. The mean ratings for different lighting environments 
under SPD1 and SPD3 were statistically significantly higher than those under 
SPD7 regarding the questions related to spatial brightness for the reading task 
at the desk and at the meeting table. The mean ratings under SPD1, SPD2, and 
SPD3 were statistically significantly higher than those under SPD7 for the 
question related to the spaciousness of the entire room. As the mean ratings 
for different questions under SPD1 were the highest among the mean ratings 
(in most cases) under all LED SPDs and the lowest under SPD7 (Table 4), an 
ANOVA was performed to investigate the statistical difference in the mean 
ratings of lighting environments under SPD1 and SPD7.  
For the reading tasks at the desk and meeting table, the mean ratings under 
SPD1 were statistically significantly higher than those under SPD7 regarding 
the questions dim/bright and difficult/easy. The same was found for the ques-
tions related to the overall spaciousness and overall acceptance of the lighting 
environment in the entire room. 
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Table 4. The mean observer ratings and p-values found in two-way ANOVA for different ques-
tions and different SPDs at 4000K. 
 
Place of 
evaluation 
Terms used in questions SPD7 SPD1 SPD2 SPD3 p-value 
Computer 
task at 
desk 
Dim/bright Mean 0.69 0.90 0.94 0.92 0.685 
 SD 1.48 1.47 1.53 1.5  
Light amount Mean -0.35 -0.29 -0.36 -0.34 0.938 
 SD 0.93 0.71 0.78 0.75  
Glare/no-glare Mean 1.60 1.63 1.58 1.66 0.985 
 SD 1.42 1.5 1.55 1.45  
Difficult/easy Mean 1.10 1.52 1.46 1.49 0.256 
  SD 1.47 1.41 1.38 1.30  
Reading 
task at 
desk 
Dim/bright ** Mean 0.33 0.83 0.65 1.04* 0.016 
 SD 1.57 1.59 1.60 1.42  
Amount of light Mean -0.66 -0.41 -0.62 -0.35 0.054 
 SD 0.83 0.93 0.79 0.80  
Glare/no-glare Mean 1.54 1.94 1.65 1.83 0.283 
 SD 1.53 1.32 1.49 1.30  
Difficult/easy Mean 1.00 1.49 1.34 1.38 0.202 
  SD 1.52 1.57 1.49 1.56  
Reading 
task at 
table 
Dim/bright ** Mean 0.69 1. 32* 0.91 1.23 0.015 
 SD 1.58 1.43 1.58 1.32  
Amount of light Mean -0.51 -0.39 -0.48 -0.31 0.345 
 SD 0.87 0.76 0.83 0.79  
Glare/no-glare Mean 1.35 1.48 0.91 1.19 0.061 
 SD 1.51 1.46 1.71 1.66  
Difficult/easy Mean 1.20 1.64 1.31 1.38 0.278 
  SD 1.58 1.40 1.47 1.56  
Overall 
room 
Light colour 
pleasantness 
Mean 0.64 1.21 0.98 1.10 0.100 
SD 1.67 1.68 1.56 1.44  
Comfort Mean 0.83 1.20 1.05 1.13 0.342 
 SD 1.47 1.40 1.51 1.33  
spaciousness ** Mean 0.31 0.98* 0.91 0.93 0.007 
 SD 1.29 1.49 1.23 1.26  
Acceptance Mean 0.27 0.80 0.55 0.71 0.110 
 SD 1.61 1.41 1.39 1.45  
 
SPD1, SPD2 and SPD3 are LED spectra and SPD7 is fluorescent lamp SPD 
 
** The differences of mean ratings were statistically significant (at 0.05 significance level) for 
different SPDs. 
Bold= the mean values for the SPDs which were in the group with the highest mean value in the 
Duncan test. 
Italic= the mean ratings for the SPDs which were in the group with the lowest mean value in the 
Duncan test. 
Underline= the mean ratings for the SPDs which were in both groups. 
 
Though the mean ratings for SPD3 and SPD1 (Table 4) were in the same 
group after the Duncan procedure, the mean ratings under SPD1 were higher 
in most cases. It was also found that the lighting environments under SPD3 
were preferred to those under SPD7. Thus, it can be inferred that in terms of 
the aspects/questions discussed above the observers preferred the lighting 
environment under SPD1 the most and lighting environments under SPD7 the 
least at the CCT of 4000K. 
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4.4.1.2 Statistical analysis for different SPDs at 6500K 
According to the ANOVA, there were no statistically significant differences in 
the mean ratings for any of the questions under different SPDs at 6500K. 
However, small differences were observed between the ratings. 
4.4.1.3 Statistical analysis for different illuminances at 4000K 
The mean ratings at 500 lux were statistically significantly higher (Table C3 in 
Appendix C [III]) than those at 300 lux for the question more-light/less-light 
for the computer task. For the reading task at the desk and the meeting table, 
the mean ratings at 500 lux were statistically significantly higher than those at 
300 lux for the questions regarding dim/bright, more-light/less-light, and 
easy/difficult. The mean ratings at 500 lux were statistically significantly high-
er than those at 300 lux for the questions related to overall comfort, spacious-
ness, and overall acceptance of lighting environment in the entire room. Thus, 
the illuminance of 500 lux was preferred to 300 lux at 4000K. 
4.4.1.4 Statistical analysis for different illuminances at 6500K 
The mean ratings at 500 lux were statistically significantly higher (Table C3 in 
Appendix C in the publication [III]) than those at 300 lux for the questions 
regarding dim/bright, more-light/less-light, and easy/difficult for the comput-
er and reading tasks. The mean ratings at 500 lux were statistically significant-
ly higher than those at 300 lux for questions related to overall comfort, spa-
ciousness and overall acceptance of the lighting environment of the entire 
room. Thus, the observers preferred the lighting environments at 500 lux to 
300 lux at 6500K. 
4.4.2 Statistical analysis for different CCTs 
As the two-way ANOVA showed that there was no significant interaction be-
tween the CCT and SPDs, all SPDs (of the same CCT) were considered together 
for the analysis of CCT. A one-way ANOVA was performed to investigate the 
statistical significance of the observer’s mean ratings for a particular question, 
considering CCT as independent variable irrespective of the SPD at illumi-
nances of 500 lux and 300 lux. 
4.4.2.1 Statistical analysis for illuminance of 500 lux 
After the ANOVA analysis, it was found (Table 5) that the mean ratings under 
CCT of 4000K were statistically significantly higher than those under CCT of 
6500K regarding the pleasantness of light colour, overall comfort, and overall 
acceptance of lighting in the entire room. The trend in the mean ratings for 
questions related to spatial brightness, amount of light and overall room spa-
ciousness was that the means were higher at 6500K than those at 4000K un-
der illuminance level of 500 lux for the computer and reading tasks. However, 
these differences were not statistically significant. It can be inferred that the 
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observers’ preferred the CCT 4000K over 6500K at 500 lux in terms of the 
lighting environment assessment in the entire room. 
 
Table 5. The observer mean ratings for different questions and different SPDs at two CCTs 
(4000K and 6500K) 
 
Place of evaluation Terms used in 
questions 
 4000K 6500K 
Computer task at 
desk 
Brightness Mean 0.97 1.09 
 SD 1.50 1.53 
Amount of light Mean -0.24 -0.09 
 SD 0.80 0.90 
Glare/no-glare Mean 1.64 1.49 
 SD 1.47 1.67 
Reading task at desk Brightness Mean 1.27 1.44 
 SD 1.38 1.40 
Amount of light Mean -0.24 -0.12 
 SD 0.76 0.88 
Glare/no-glare Mean 1.69 1.51 
 SD 1.45 1.41 
Reading task at table Brightness Mean 1.56 1.65 
 SD 1.26 1.32 
Amount of light Mean -0.18 -0.17 
 SD 0.67 0.86 
Glare/no-glare Mean 1.23 0.93 
 SD 1.55 1.78 
Overall room colour of light Mean 1.42* 1.03 
 SD 1.40 1.64 
comfort Mean 1.46* 0.95 
 SD 1.29 1.64 
Spaciousness Mean 1.11 1.23 
 SD 1.25 1.27 
Acceptance Mean 1.23* 0.71 
 SD 1.48 1.84 
 
Bold* mean values are statistically significantly higher at 4000K than the mean values at 
6500K (at 0.05 significance level) 
Bold Italic mean values are higher at 4000K than the mean values at 6500K 
Underline= the mean ratings are higher at 6500K than the mean values at 4000K 
4.4.2.2 Statistical analysis for illuminance of 300 lux 
No statistically significant differences were found in the ratings between 
4000K and 6500K under any of the SPDs at 300 lux. However, in most cases, 
the mean ratings were slightly higher at 4000K than those at 6500K. On the 
other hand, the mean ratings were slightly higher at 6500K than those at 
4000K for the questions related to brightness and spaciousness. 
4.4.3 Reading performance of text with 6 point font size 
All the observers were able to read the printed text of Times New Roman font 
size 6 points in all lighting conditions and thus these lighting environments 
met the criteria of good quality lighting for visibility at 500 lux and 300 lux. 
4.5 Summary 
The observers preferred the lit environment under the SPD1 the most in terms 
of the questions related to spatial brightness and spaciousness at 4000K. On 
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the other hand, they preferred the lit environment under fluorescent lamp 
(SPD7) the least among all the SPDs at the CCT of 4000K. However, there 
were no statistically significant differences between the mean ratings of the 
lighting environments under different SPDs at the CCT of 6500K. 
All the observers were able to read the printed text of Times New Roman font 
size 6 points in all lighting conditions at 500 lux and 300 lux. However, the 
illuminance of 500 lux was preferred to 300 lux at CCTs of 4000K and 6500K 
for the questions related to spatial brightness, overall spaciousness, and over-
all comfort along with other questions. 
The CCT of 4000K (neutral white) was preferred to the CCT of 6500K (cool 
white) in terms of lighting assessment regarding the pleasantness of light col-
our, overall comfort and overall acceptance of lighting in the entire room at 
500 lux. No statistically significant differences were found in the ratings be-
tween 4000K and 6500K under any of the SPDs at 300 lux. 
Spatial brightness played important role in the preference and acceptance of 
the light spectra in an office environment. 
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5. Discussion 
5.1 Lighting booth experiment 
The observers preferred the SPDs (SPD2, SPD5, and SPD8), under which the 
lit scenes looked brighter and the lit scenes were more comfortable, more 
pleasant, and more interesting than those under the other SPDs. The preferred 
SPDs were florescent lamp SPD (SPD8) and LED SPDs realised for high Qg 
(SPD2) or for high Qp (SPD5) values. On the other hand, LED SPD realised for 
low FCI (SPD4) or for low Qp (SPD6) values were the least preferred. 
The chroma and the colourfulness values of the objects and colours were the 
highest [I] in the lit scenes under SPD2 and SPD5 and were the lowest under 
SPD4 and SPD6. Furthermore, the objects looked more natural and the MCC 
chart looked more colourful under these SPDs (SPD2 and SPD5) as well [I]. 
SPD8 had either negative Duv values or the Duv values of SPD8 lay closer to the 
black body locus than those of the SPD3. The Duv values could be the possible 
reason why SPD3 was not preferred over SPD8, although the objects and col-
ours had higher chroma and colourfulness values in the lit scenes under SPD3. 
The other preferred SPDs (SPD2 and SPD5) had either negative Duv values or 
their Duv values lay very close to the black body locus. 
The lit scenes in the booth under the preferred SPDs (SPD2, SPD5, and 
SPD8) looked brighter to the observers than those under the other SPDs at all 
three CCTs (Figure 4). This supports the findings of Hashimoto et al.  [74], 
which showed that when the perceived chroma of object colours under an il-
lumination increased, the brightness sensation became high. This may indicate 
that when objects look more natural and colourful [I] in a lit scene under an 
SPD, that scene would look brighter too. The observers may find that same lit 
scene more comfortable, pleasant, and interesting as well. 
The observers preferred (Table 3) the higher CCTs (4000K/6500K) over the 
lower CCT (2700K) at the illuminance of 500 lux. The lit scenes at the CCT of 
6500K and at the CCT of 4000K looked significantly brighter than those at the 
CCT of 2700K and the lit scenes looked slightly brighter at the CCT of 6500 
than those at the CCT of 4000K. The observers’ mean ratings (with SPD as the 
independent variable) for the question about brightness of the lit scenes in the 
booth under all SPDs also indicated the same result (Figure 4). It possibly in-
dicates that a lit scene under higher CCT looks brighter than that of under low-
er CCT. This supports the findings of the studies done by Harrington [82] and 
by Juslén [83], in which the higher CCT was found to be brighter than the low-
er CCT. 
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 The observers’ mean ratings were the lowest at 2700K (Table 2) regarding 
the visual pleasantness and the visual comfort of the lit scenes under the ma-
jority of the SPDs. The observers rated the lit scene at 4000K to be the most 
comfortable and pleasing (Table 3). The findings are in line with the study 
done by Kruithof [84] according to which the CCT of 2700K should be visually 
less comfortable and pleasing than the CCT of 4000K at 500 lux. 
 
 
Figure 4. Mean ratings for bright/dim of the visual appearance of the lit scene in the booth at 
500 lux for different SPDs at different CCTs with SPDs as an independent variable. 
 
It was possible to develop LED spectra (SPD2 and SPD5) under which lit 
scenes could be as preferable as under fluorescent lamps (SPD8). Almost all of 
the mean ratings (Table 2) under the different LED spectra lay on the positive 
side of the scale (-3 to +3). Thus, none of the LED spectra yielded to low or 
very low ratings. It was also found that SPD realised for high Qg value (SPD2) 
and SPD realised for high Qp value (SPD5) were preferred over fluorescent 
lamps in terms of overall preference of the lit scene [II]. The results showed 
that LED spectra could be developed to be preferred by the users and indicated 
the high potential of LED lighting to be applicable in offices. 
The results indicate [I, II], the CIE CRI alone is not a good indicator of ob-
servers’ preferences for LED light spectra. This supports the findings of Bois-
sard & Fontoynont  [15] and Jost-Boissard et al. [16], which showed that CIE 
CRI was not well-suited for the LED spectra. The metrics Qp and Qg (calculated 
with the CQS version 7.5) were good indicators of users’ preference as far as 
LED SPDs were concerned. The metric Qg (calculated with the CQS version 
9.2) and GAI showed high consistency as preference indicators for both LED 
light spectra and fluorescent lamp spectra. The graphs showing the perfor-
mance of the metrics regarding brightness, comfort and pleasantness at 
4000K are presented in appendix B. 
The findings discussed above were the basis for the realisation of the LED 
SPDs used in the user acceptance studies conducted in office rooms. 
5.2 Office room experiment 
At the CCT of 4000K, the observers preferred the lit environment under the 
light spectrum (SPD1) with the highest values of Qg, Qp, and GAI (80 ≤ GAI 
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≤100) the most in terms of the questions related to spatial brightness and spa-
ciousness. On the other hand, they preferred the lit environment under the 
SPD (SPD7, fluorescent lamp) with the lowest values of Qg, Qp, and GAI the 
least. The spatial brightness influenced by the SPDs affected observers’ prefer-
ences. This supports the findings of Flynn et al. [76] and Loe et al. [77], which 
state that people prefer a lit environment which looks bright. The graphs 
showing the performance of the metrics regarding brightness and spacious-
ness at 4000K are presented in appendix B. 
Both of the preferred LED light spectra (SPD1 and SPD3) had negative Duv 
values, whereas the fluorescent lamp spectrum had a positive Duv value. It was 
also found that the lighting environments under SPD1 and SPD3 were slightly 
more preferable to those under SPD2 though all three spectra (SPD1, SPD2, 
and SPD3) had quite similar Qp, Qg, and CRI values. However, SPD1 and SPD3 
had negative Duv values, whereas SPD2 had a positive Duv value. This supports 
the findings of Ohno and Davis [30], which indicated that light sources with 
negative Duv values are more preferable and acceptable than those with posi-
tive Duv values. 
There were no statistically significant differences in the mean ratings of the 
lighting environments under different SPDs at the CCT of 6500K. However, 
small differences in the mean ratings were observed. In most cases, the ob-
servers’ mean ratings were the lowest in the lit environment under SPD8 (fluo-
rescent lamp). The possible reason could be that SPD8 had lowest values of Qg 
and Qp and a positive Duv value. The room looked slightly brighter and slightly 
more spacious under LED light spectra (with negative Duv values) than under 
fluorescent lamps. As the results at 6500K were not statistically significant, 
they should be considered as indicative rather than conclusive [III]. 
The results discussed above (for 4000K and 6500K) showed that lighting an 
environment with different SPDs affected the perceived spatial brightness dif-
ferently. It supports the study by Ju et al. [75], who concluded that spatial 
brightness perception could be affected by the SPD of a lighting environment. 
At 4000K, the preferred SPDs complied with the criteria of Ra ≥ 80 and 80 ≤ 
GAI ≤100, which are claimed by Rea & Freyssinier [85] to be acceptable ranges 
of the CIE CRI and GAI values for good light sources. The lit environments 
looked significantly brighter (at the desk and the meeting table) and more spa-
cious (in the entire room) under SPD1 and SPD3 than under SPD7 (GAI=71) at 
the CCT of 4000K. This might imply that lighting environments under the 
SPDs with Ra ≥ 80 and 80 ≤ GAI ≤100 would look brighter and more spacious. 
This could be a reason for the ratings indicating a need for more light under 
SPD7 compared to those under the preferred SPDs (SPD1 and SPD3).  
According to Boyce & Eklund [37] and Eklund & Boyce [81], good quality of-
fice lighting for visibility is such, that people (at least 95% of people) are able 
to smoothly read printed text of font size 6 points. In this study, all observers 
could read the printed text of font size 6 points in the lighting conditions at 
300 lux and 500 lux. Boyce & Eklund [37] also claimed that at least 70% of 
people should feel comfortable under a lighting environment to be considered 
good quality lighting. In this work, none of the lit environments at 300 lux (at 
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the CCTs of 4000K and 6500K) complied with the criterion [37]. On the other 
hand, lit environments at 500 lux under SPDs at 4000K complied with the 
criterion. The results showed that the illuminance of 500 lux was preferred to 
300 lux at the CCTs of 4000K and 6500K for the questions related to spatial 
brightness and overall spaciousness along with other factors. Thus, the lit en-
vironments under different illuminance levels had affected the perceived spa-
tial brightness differently. This supports the finding in the study by Ju et al. 
[75], in which spatial brightness was affected by different illuminance levels. 
In this study, the illuminance of 500 lux was preferred and accepted for LED 
office lighting, which complies with the recommended illuminance level for 
office lighting [86]. 
It is also noteworthy that the same spectra (SPD1 and SPD3) were the most 
preferred, whereas the fluorescent lamp spectrum (SPD7) was the least pre-
ferred in terms of colourfulness and preference at 4000K (500 lux) [IV]. At 
4000K (500 lux), hands and objects looked more natural in the lit environ-
ments under these SPDs than the SPD7. This result may indicate that when 
objects look more colourful and more natural under one lit environment than 
under other lit environments, that lit environment may look brighter; the ob-
server may feel more comfortable under that lit environment. 
The CCT of 4000K (neutral white light) was preferred to the CCT of 6500K 
(cool white light) at 500 lux in terms of comfort, pleasantness of light colour, 
and acceptance of lit environment in the entire room. This supports the find-
ings of Shamsul et al. [40], Kang et al. [28], Cockram et al. [68] and Lin et al. 
[71] that neutral white (about 4000K) light is preferred for office lighting. 
SPD3 was a simplification of SPD1. The mean ratings under SPD3 and SPD1 
did not differ much. This indicates that the simple SPD3 could offer a lighting 
environment as good as that under SPD1 at the CCT of 4000K. Hence, it would 
be a good option to develop simple light spectra while maintaining the pre-
ferred criteria for good lighting in an office environment. 
5.3 Limitations 
In the first phase of the study, a reverse comparison test was done instead of a 
null condition test, which would have required swapping of the luminaires. 
Because of the huge size of the LED luminaire, swapping of the luminaires was 
not possible. However, the lit scenes in the booths were set up in such a way 
that illuminance uniformity was very close to each other and the average lumi-
nance values of the lit scenes under LEDs and fluorescent lamps were kept 
almost the same. Furthermore, the reverse comparison test verified that the 
relative positions of the light sources did not affect the judgement of the ob-
servers.  
The time of the day and the season may have effect [87], [88] on the observ-
ers and their lighting preferences. The experiments could not be conducted in 
the same season and at the same time of the day for all the subjects. They eval-
uated the lit environment in the office room during a short stay (about 30 min) 
in the experimental room for short time. Ten subjects also evaluated the lit 
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environment in the office rooms during a stay of two hours and no difference 
was found between the results obtained from the two hour and 30 min long 
experiments. However, the evaluations may be different while working in the 
room for eight hours. Further studies can be done in the same season for eight 
hours starting at the same time of the day for every observer.  
There is always a presence of daylight in real office environments to some ex-
tent. However, daylight was blocked from entering the office rooms to provide 
a similar lighting condition for each observer. Few subjects expressed that they 
felt suffocated in the room and would not want to work in such an office for a 
longer time.  
Single-item questions were used to represent a factor (e.g comfort or bright-
ness) in the study in order to limit the evaluation time. Studies can be done by 
asking multiple-item questions to represent different factors and by asking the 
same questions in several different ways. 
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6. Conclusions and recommendations
This thesis focused on the investigation of observers’ preferences in office 
lighting and on acceptance of LED lighting in office environments. The effect 
of different LED light spectra optimised with different colour quality metrics 
on the users’ preferences was investigated in a lighting booth and office rooms 
considering different lighting factors mainly related to visual perception. 
In the lighting booth [I], the preferred LED SPDs (SPD2 and SPD5) were op-
timised for higher values of a metric (Qg) that is related to gamut area or for 
higher values of a metric (Qp) that is related to chroma effect. The LED SPD2 
and LED SPD5 provided a better lighting environment than the fluorescent 
lamp in the booth [II]. The chromaticity difference (Duv) values of the SPDs 
affected the observers’ preference. The chromaticity coordinates (in the CIE 
1976 chromaticity diagram) of the preferred LED light spectra lay below the 
Planckian locus.  
 In the office room experiments, the observers preferred the LED light spec-
trum, which had the highest Qp and Qg values the most and preferred the 
light spectrum, which had the lowest Qp and Qg values the least among all the 
light spectra at 4000K. The chromaticity coordinates of the most preferred 
SPD and the least preferred SPD lay below (negative Duv value) and above of 
the Planckian locus, respectively. The least preferred lit environment was un-
der the fluorescent lamp and the observers’ accepted the lit environment un-
der the fluorescent lamp the least (Table 4 chapter 4). 
The results showed that LED light spectra can be developed to be preferred 
and accepted in office lighting. The LED light spectra should have good colour 
characteristics as the visual perception of the lit environment is affected by the 
colour characteristics of the light spectra. Chromaticity difference (Duv) values 
affected the observers’ preferences for a particular SPD in the lighting booth 
and office room experiments. Therefore, white light emitted from the light 
sources should be characterised not only by the CCT but also by the chromatic-
ity difference (Duv) values. The results indicate the need to develop LED light 
spectra with negative Duv values within the recommended limit [20] for a par-
ticular CCT.  
Based on the observers’ evaluation, lit environments at 500 lux were pre-
ferred and accepted to those at 300 lux in an office environment. The observ-
ers would not necessarily prefer and accept one lighting environment under an 
illuminance level even when that level can be considered to be good quality 
lighting for visibility in office environments. If the observers do not feel com-
fortable under a lit environment which is good quality lighting for visibility, it 
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cannot be considered as a good lighting in an office environment. Therefore, 
when the illuminance level is varied, it should be able to provide good quality 
lighting for visibility and visually comfortable lit environment.  
In this work, the observers found the lit environments at the CCT of 4000K 
to be more comfortable and more pleasing than those at the CCTs of 2700K 
and 6500K at 500 lux. Thus, the observers preferred the CCT of 4000K at the 
illuminance level of 500 lux. However, the CCT of 6500K was found to be 
slightly brighter than the CCT of 4000K in the lighting booth and in the office 
room experiments. The lit scenes in the booth were found to be significantly 
brighter at the CCT of 6500K than at the CCT of 2700K at 500 lux. 
The findings of the study indicated that it is possible to develop LED SPDs 
that can be preferred and accepted by end-users and thus LED lighting can be 
a viable option in office environments. 
As the findings showed that light spectra affected the brightness, further re-
search can be done in LED office environments where the observers can con-
trol illuminance levels. It might be possible to develop LED light spectra that 
could provide the same level of brightness perception with a lower illuminance 
level. If a lower illuminance level (e.g 400 lux) than the currently recommend-
ed illuminance level [86] could fulfil the criteria, it might be possible to save 
energy. However, the lighting conditions should be able to provide enough 
bright lighting so that people feel comfortable and can perform visual tasks. 
The CIE CRI alone is not well suited to assess the colour rendering proper-
ties of the LED light spectra. A reference-based metric (Qp) along with an area-
based metric (Qg or GAI) explained overall observers preference well [I-IV]. 
Therefore, it would be a good option to consider Qp and Qg or GAI in develop-
ing LED light sources. However, further studies are needed comparing other 
proposed metrics such as the rank order based Colour Rendering Index 
(RCRI) [89] and the Memory Colour Rendering Index (MCRI) [90] as well as 
the Qg and the Qp. 
The findings indicated that a simple LED spectrum can offer a lit environ-
ment which is as preferred as that under a complex LED spectrum. Therefore, 
it would be a good option to develop a simple SPD while maintaining the crite-
ria of good lighting in the office environment. This would reduce the complexi-
ties and the production costs of LED light sources. However, only one simple 
LED spectrum was realised as the counterpart of a complex LED spectrum. 
Further studies should be conducted for office lighting by realising more sim-
ple LED spectra as the counterparts of complex LED spectra. 
 43 
7. References 
[1] L. Halonen, E. Etri, and P. Bhusal, Annex 45-Guidebook on Energy Efficient 
Electric Lighting for Buildings. Espoo, Aalto University School of Science and 
Technology, ISBN-9789526032290, 2010. 
[2] K. Ono, M. Miki, M. Yoshimi, T. Nishimoto, T. Omi, H. Adachi, M. Akita, and Y. 
Kasahara, “Development of an intelligent lighting system using LED ceiling 
lights into an actual office,” Electron. Commun. Japan, vol. 95, no. 10, pp. 54–
63, Oct. 2012. 
[3] Y. Ohno and W. Davis, “Color quality and spectra,” Photonics-Spectra, vol. 42, 
no. 7, pp. 71–72, 2008. 
[4] L. J. Sandahl, T. Gilbride, M. Ledbetter, H. Steward, and C. Calwell, “Compact 
Fluorescent Lighting in America: Lessons Learned on the Way to Market,” 
2006. [Online]. Available: 
http://www.pnl.gov/main/publications/external/technical_reports/PNNL-
15730.pdf. [Accessed: 16-Jun-2014]. 
[5] HMG (Heschong Mahone Group), “Lighting Efficiency Technology Report: 
Volume III: Market Barriers Report- P400-98-004VIII,” California Energy 
Commission, Sacramento, California, 1997. 
[6] HMG (Heschong Mahone Group), “Lighting Efficiency Technology Report: 
Volume IV: Recommendations Report- P400-98-004VIV,” Sacramento, 
California, USA, 1997. 
[7] M. Figueiro, J. Fullam, C. O’Rourke, M. Rea, and J. Taylor, “Increasing Market 
Acceptance of Compact Fluorescent Lamps ( CFLs )- Final Project Report,” 
Troy, New York, USA, 2003. 
[8] R. Haitz and J. Y. Tsao, “Solid-state lighting: ‘The case’ 10 years after and 
future prospects,” Phys. Status Solidi, vol. 208, no. 1, pp. 17–29, Jan. 2011. 
[9] N. Sándor, P. Bodrogi, P. Csuti, B. Kranicz, and J. Schanda, “Direct visual 
assessment of colour rendering,” in Proceedings of the 25th Session of the CIE, 
2003, San Diego, USA, pp. D1–42–45. 
[10] J. Mccullough, T. Gilbride, K. Gordon, M. Ledbetter, L. Sandahl, and M. Ton, 
“LED Lighting: Applying Lessons Learned from the CFL Experience,” in 
Proceedings of the 2008 ACEEE Summer Study on Energy Efficiency in 
Buildings, 2008, Pacific Grove, CA, USA, pp. 134–146. 
[11] M. Knoop, “Lighting quality with LEDs,” in Proceedings of CIE 2014 on 
Lighting Quality & Energy Efficiency, 2014, Kuala Lumpur, Malaysia. 
References 
44 
[12] Cree, “Cree Shatters Efficiency Benchmark with First 200-Lumen-Per-Watt 
LED Luminaire,” 2014. [Online]. Available: http://www.cree.com/News-and-
Events/Cree-News/Press-Releases/2014/January/200-LPW-fixture. 
[Accessed: 05-May-2014]. 
[13] K. Smet, W. Ryckaert, M. Pointer, G. Deconinck, and P. Hanselaer, 
“Optimization of colour quality of LED lighting with reference to memory 
colours,” Light. Res. Technol., vol. 44, no. 1, pp. 7–15, Jan. 2012. 
[14] M. Thompson, U.-M. O’Reilly, and R. Levin, “Psychophysical evaluations of 
various color rendering from LED-based architectural lighting,” in Proceedings 
of SPIE 6669, Seventh International Conference on Solid State Lighting, 
66690Y, 2007, San Diego, CA, USA, pp. (66690Y)1–12. 
[15] S. Boissard and M. Fontoynont, “Optimization of LED-based light blendings for 
object presentation,” Color Res. Appl., vol. 34, no. 4, pp. 310–320, Aug. 2009. 
[16] S. Jost-Boissard, M. Fontoynont, and J. Blanc-Gonnet, “Perceived lighting 
quality of LED sources for the presentation of fruit and vegetables,” J. Mod. 
Opt., vol. 56, no. 13, pp. 1420–1432, Jul. 2009. 
[17] CIE (Commission Internationale de L’Eclairage), “Colour Rendering of White 
LED Light Sources,” Vienna, Austria, CIE Technical Report 177-2007, 2007. 
[18] N. Sándor and J. Schanda, “Visual colour rendering experiments,” 2006. 
[Online]. Available: http://cie2.nist.gov/TC1-69/ColorRendSandor.pdf. 
[Accessed: 05-Jun-2014]. 
[19] K. Moeller, V. Grote, K. Keller, D. Lorenz, M. Moser, and T. Khanh, “LED Office 
Lighting to Promote Performance and Well-Being,” in Proceedings of the 
2011th international conference on Ergonomics and health aspects of work 
with computers, 2011, 9-14 July, Orlando, FL, USA, pp. 68–77. 
[20] CIE (Commission Internationale de L’Eclairage), “Method of Measuring and 
Specifying Colour Rendering Properties of Light Sources,” Vienna, Austria, CIE 
Technical Report, CIE 13.3-1995, 1995. 
[21] CIE (Commission Internationale de L’Eclairage), Colorimetry: Understanding 
the CIE system, 2006th ed. Vienna, AustriaCIE, 2006. 
[22] W. Davis and O. Yoshi, “Approaches to color rendering measurement,” J. Mod. 
Opt., vol. 56, no. 13, pp. 1412–1419, 2009. 
[23] D. Sheppard, “Evaluating subjective assessments,” Int. J. Dairy Technol., vol. 
10, no. 2, pp. 61–64, 1957. 
[24] I. Shakir and N. Narendran, “White LEDs in Landscape Lighting Applications,” 
in Proceedings of SPIE 4776, Solid State Lighting II, 162, 2002, Seattle, WA, 
USA, pp. 162–170. 
[25] S. A. Fotios, “Lamp colour properties and apparent brightness: a review,” 
Light. Res. Technol., vol. 33, no. 3, pp. 163–178, 2001. 
[26] S. Fotios and T. Gado, “A comparison of visual objectives used in side-by-side 
matching tests,” Light. Res. Technol., vol. 37, no. 2, pp. 117–131, Jun. 2005. 
[27] E. Mahler, J. Ezrati, and F. Viénot, “Testing LED lighting for colour 
discrimination and colour rendering,” Color Res. Appl., vol. 34, no. 1, pp. 8–17, 
2009. 
                                                                                                                                      References 
45 
[28] M. Kang, J. Chang, Y. Yoon, and S. Kim, “Determining occupant-friendly 
lighting environments for the improvement of visual perception,” in ICSDEC 
2012: Developing the Frontier of Sustainable Design, Engineering, and 
Construction, 2012, Texas, USAASCE (2013), pp. 937–944. 
[29] G. Y. Yun, H. Jung, and J. T. Kim, “Energy-Saving Potential of LED Lighting 
Systems,” Indoor Built Environ., vol. 22, no. 1, pp. 235–241, Dec. 2012. 
[30] Y. Ohno and W. Davis, “Rationale of Color Quality Scale,” 2010. [Online]. 
Available: http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.180.987. 
[Accessed: 03-Jul-2014]. 
[31] P. R. Boyce, “Investigations of the subjective balance between illuminance and 
lamp colour properties,” Light. Res. Technol., vol. 9, no. 1, pp. 11–24, 1977. 
[32] X. Hu, K. Houser, and D. Tiller, “Higher color temperature lamps may not 
appear brighter,” Leukos, vol. 3, no. 1, pp. 69–81, 2006. 
[33] P. L. Vrabel, C. a. Bernecker, and R. G. Mistrick, “Visual Performance and 
Visual Clarity under Electric Light Sources: Part II—Visual Clarity,” J. Illum. 
Eng. Soc., vol. 27, no. 1, pp. 29–41, Jan. 1998. 
[34] F. Viénot, M. Durand, and E. Mahler, “Kruithof’s rule revisited using LED 
illumination,” J. Mod. Opt., vol. 56, no. 13, pp. 1433–1446, 2009. 
[35] G. Y. Yun, H. Kim, and J. T. Kim, “Subjective Responses to Changes in Spectral 
Power Distributions of LED Light,” Indoor Built Environ., vol. 22, no. 1, pp. 
226–234, Nov. 2012. 
[36] D. Wulfinghoff, Energy efficiency Manual. Wheaton, USA:Energy Institute 
Press, 1999, pp. 1427–1438. 
[37] P. Boyce and N. Eklund, “Evaluating lighting quality,” in Proceedings of the 
3rd European Conference on Energy-Efficient Lighting, 1995, Newcastle, UK. 
[38] N. Pousset, G. Obein, and A. Razet, “Visual experiment on LED lighting quality 
with color quality scale colored samples,” in Proceedings of CIE 2010: Lighting 
Quality and Energy Efficiency, 2010, Vienna, Austria, pp. 722–729. 
[39] R. Davis and D. Ginthner, “Correlated color temperature, illuminance level and 
the Kruithof curve,” J. Illum. Eng. Soc., vol. 19, no. 1, pp. 27–38, 1990. 
[40] B. Shamsul, C. Sia, Y. Ng, and K. Karmegan, “Effects of light’s colour 
temperatures on visual comfort level, task performances, and alertness among 
students,” Am. J. Public Heal. Res., vol. 1, no. 7, pp. 159–165, 2013. 
[41] M. Wei, K. Houser, B. Orland, D. Lang, N. Ram, M. Sliwinski, and M. Bose, 
“Office worker response to fluorescent lamps of different CCT and lumen 
output,” in Proceedings of 2013 Architectural Engineering Institute, 2013, 
Pennsylvania, USAASCE (American Society of Civil Engineers) 2013, pp. 554–
563. 
[42] S. Kanaya, K. Hashimoto, and E. Kichize, “Subjective balance between general 
color rendering index, color temperature, and illuminance of interior lighting,” 
in Proceedings of the CIE 19th Session, 1979, Kyoto, Japan, pp. 274–278. 
[43] A. Pellegrino, “Assessment of artificial lighting parameters in a visual comfort 
perspective,” Light. Res. Technol., vol. 31, no. 3, pp. 107–115, 1999. 
References 
46 
[44] T. Tarczali, P. Bodrogi, and J. Schanda, “Colour rendering properties of LED 
sources,” in Proceedings of the 2nd CIE Expert Symposium on LED 
Measurement: Standard Methods for Specifying and Measuring LED and 
LED Cluster Characteristics, 2001, Gaithersburg, USA. 
[45] J. Schanda, “The concept of colour rendering revisited,” in CGIV 2002 first 
European Conference on Colour in Graphics, Imaging, and Vision, 2002, 
Poitiers, France, pp. 37– 41. 
[46] N. Sándor, P. Csuti, P. Bodrogi, and J. Schanda, “Visual observation of colour 
rendering,” in Proceedings of the CIE Expert Symposium on LED Light 
Sources: Physical Measurement and Visual and Photobiological Assessment, 
2004, Tokyo, Japan. 
[47] N. Sándor and J. Schanda, “Visual colour rendering based on colour difference 
evaluations,” Light. Res. Technol., vol. 38, no. 3, pp. 225–239, 2006. 
[48] N. Narendran and L. Deng, “Color rendering properties of LED light sources,” 
in Proceedings of the SPIE 4776, Solid State Lighting II, 61, 2002, Seattle, WA, 
USA, pp. 61–67. 
[49] ANSI (American National Standards Institution), “American National Standard 
for Electric Lamps—Specifications for the Chromaticity of Solid State Lighting 
(SSL) Products, ANSI C78.377,” 2008. 
[50] N. Narendran, N. Maliyagoda, L. Deng, and R. Pysar, “Characterizing LEDs for 
general illumination applications: mixed-color and phosphor-based white 
sources,” in Proceedings of SPIE4445: Solid State Lighting and Displays, 
2001, San Diego, CA, USASPIE, pp. 137–147. 
[51] F. Szabó, J. Schanda, P. Bodrogi, and E. Radkov, “A comparative study of new 
solid state light sources,” in Proceedings of the 26th Session of the CIE, 2007, 
Beijing, China. 
[52] F. Viénot, E. Mahler, L. Serreault, M. Harrar, J. Ezrati, P. Pérignon, and A. 
Bricoune, “Discriminating colours under LED illumination,” in Proceedings of 
the 10th Congress of the International Colour Association, 2005, Granada, 
Spain, pp. 33–36. 
[53] F. Viénot, E. Mahler, J. Ezrati, C. Boust, A. Rambaud, and A. Bricoune, “Color 
appearance under LED illumination: the visual judgment of observers,” J. 
Light Vis. Environ., vol. 32, no. 2, pp. 208–213, 2008. 
[54] F. Viénot, M.-L. Durand, and E. Mahler, “The effect of LED lighting on 
performance, appearance and sensation,” in CIE Light and Lighting 
Conference with Special Emphasis on LEDs and Solid State Lighting, 2009, 
vol. 3, no. 5, Budapest, Hungary, pp. 5–9. 
[55] S. Jost-Boissard, M. Fontoynont, and J. Blanc-Gonnet, “Colour rendering of led 
sources: visual experiment on difference, fidelity and preference,” in CIE Light 
and Lighting Conference with Special Emphasis on LEDs and Solid State 
Lighting, 2009, Budapest, Hungary. 
[56] L. Yi, H. Luoxi, and C. Yezhen, “Analysis of Applying LED Lighting In the Office 
Space,” Illum. Eng. J., vol. 21, no. 1, pp. 58–63, 2010. 
[57] M. Thompson, J. Laski, and M. Chipalkatti, “Preliminary Assessment 
Concerning the Practical Implementation and Visual Perception of Color 
Rendering Modulation for Augmented Energy Savings,” J. Light Vis. Environ., 
vol. 35, no. 3, pp. 255–266, 2011. 
                                                                                                                                      References 
47 
[58] M. Thompson, J. Spaulding, K. Larson, and H. Hall, “Investigation of Tunable 
LED Lighting for General Illumination Employing Preliminary Activity 
Recognition Sensor Network,” in Proceedings of SPIE 8123, Eleventh 
International Conference on Solid State Lighting, 812305, 2011, San Diego, 
CA, USA, pp. (812305)1–16. 
[59] W. Ryckaert, K. Smet, I. Roelandts, M. Van Gils, and P. Hanselaer, “Linear LED 
tubes versus fluorescent lamps: An evaluation,” Energy Build., vol. 49, no. 
2012, pp. 429–436., 2012. 
[60] Y. Ohno and W. Davis, “Visual Evaluation Experiment on Chroma 
Enhancement Effects in Color Rendering of Light Sources.” [Online]. Available: 
cie2.nist.gov/TC1-69/NIST/NIST experiment TC version.doc. [Accessed: 28-
May-2014]. 
[61] CIE (Commission Internationale de L’Eclairage), “Review of Lighting Quality 
Measures for Interior Lighting with LED Lighting Systems,” Vienna, Austria, 
CIE Technical Report, CIE 205:2013, 2013. 
[62] Y. Ohno, “Color Rendering and Luminous Efficacy of White LED Spectra,” in 
Fourth International Conference on Solid State Lighting Proceedings of SPIE, 
2004; SPIE 5530, 2004, Bellingham, WA, USA, pp. 88–99. 
[63] I. Schröder, “Subjective responses to light sources of different colour 
temperatures and illuminances,” Z. Morphol. Anthropol., vol. 81, no. 2, pp. 
235–251, 1996. 
[64] P. Boyce, C. Hunter, and C. Carter, “Perceptions of full-spectrum, polarized 
lighting,” J. Illum. Eng. Soc., vol. 31, no. 1, pp. 119–135, 2002. 
[65] W. DeLaney, P. Hughes, J. McNelis, J. Sarver, and T. Soules, “An examination 
of visual clarity with high colour rendering fluorescent light sources,” J. Illum. 
Eng. Soc., vol. 7, no. 2, pp. 74–84, 1978. 
[66] B. Park, J. Chang, Y. Kim, J. Jeong, and A. Choi, “A study on the subjective 
response for corrected colour temperature conditions in a specific space,” 
Indoor Built Environ., vol. 19, no. 6, pp. 623–637, 2010. 
[67] B. Manav, “An experimental study on the appraisal of the visual environment at 
offices in relation to colour temperature and illuminance,” Build. Environ., vol. 
42, no. 2, pp. 979–983, 2007. 
[68] A. Cockram, J. Collins, and F. Langdon, “A study of user preferences for 
fluorescent lamp colours for daytime and night-time lighting,” Light. Res. 
Technol., vol. 2, no. 4, pp. 249–256, 1970. 
[69] J. Spaulding, R. Maria, and E. Robert, “Human preference in tunable solid 
state lighting,” in Proceeding SPIE 7954, Light-Emitting Diodes: Materials, 
Devices, and Applications for Solid State Lighting XV, 795403, 2011, San 
Francisco, CA, USA, pp. (795403)1–11. 
[70] R. Huang, Y. Chiu, Y. Sun, Y. Hsu, T. Kao, T. Shen, and C. Wang, “Effects of 
Color Temperature of LED Desk Lights on Working Attention,” in The 2013 
International Conference on Business and Information (BAI2013), 2013, Bali, 
Indonesia. 
[71] R. F. Lin, C. Chou, Y. Wang, and H. Tu, “Effects of LED Color Temperature on 
Office Workers,” in In The 2nd Southeast Asian Network of Ergonomics 
Societies Conference, 2012, Langkawi, Malaysia. 
References 
48 
[72] K. Ono, M. Miki, H. Yonemoto, T. Nishimoto, T. Omi, and H. Adachi, “An 
optimization algorithm to provide individual illuminance using LED ceiling 
lights and verification at the actual office,” in Systems, Man, and Cybernetics 
(SMC), 2011 IEEE International Conference, 2011, Anchorage, Alaska, 
USAIEEE, pp. 644–648. 
[73] W. Davis and Y. Ohno, “Color quality scale,” Opt. Eng., vol. 49, no. 3, pp. 
(033602)1–16, 2010. 
[74] K. Hashimoto, T. Yano, M. Shimizu, and Y. Nayatani, “New method for 
specifying colour rendering properties of light sources based on feeling of 
contrast,” Color Res. Appl., vol. 32, no. 5, pp. 361–371, 2007. 
[75] J. Ju, C. Dahua, and L. Yandan, “Effects of correlated color temperature on 
spatial brightness perception,” Color Res. Appl., vol. 37, no. 6, pp. 450–454, 
2012. 
[76] J. E. Flynn, T. J. Spencer, O. Martyniuk, and C. Hendrick, “Interim study of 
procedures for investigating the effect of light on impression and behavior,” J. 
Illum. Eng. Soc., vol. 3, no. 1, pp. 87–94, 1973. 
[77] L. Loe, K. Mansfield, and E. Rowlands, “Appearance of lit environment and its 
relevance in lighting design: Experimental study,” Light. Res. Technol., vol. 26, 
no. 3, pp. 119–133, 1994. 
[78] Y. Akashi and P. Boyce, “A field study of illuminance reduction,” Energy Build., 
vol. 38, no. 6, pp. 588–599, 2006. 
[79] P. Boyce and N. Eklund, “An evaluation of office lighting options,” in 
Proceedings of the IESNA Annual Conference, 1996, Cleveland, USA, pp. 38–
68. 
[80] F. Linhart and J.-L. Scartezzini, “Evening office lighting--visual comfort vs. 
energy efficiency vs. performance?,” J. Build. Environ., vol. 46, no. 5, pp. 981–
989, 2011. 
[81] N. Eklund and P. Boyce, “The development of a reliable, valid, and simple office 
lighting survey,” J. Illum. Eng. Soc., vol. 25, no. 2, pp. 25–40, 1996. 
[82] R. Harrington, “Effect of color temperature on apparent brightness,” J. Opt. 
Soc. Am., vol. 44, no. 2, pp. 113–116, 1954. 
[83] H. Juslén, “Influence of the colour temperature of the preferred lighting level in 
an industrial work area devoid of daylight,” Ing. Iluminatului, vol. 8, no. 18, 
pp. 25–36, 2006. 
[84] A. A. Kruithof, “Tubular luminescence lamps for general illumination,” Philips 
Tech. Rev., vol. 6, no. 3, pp. 65–96, 1941. 
[85] M. Rea and J. Freyssinier, “Color rendering: Beyond pride and prejudice,” 
Color Res. Appl., vol. 35, no. 6, pp. 401–409, 2010. 
[86] SFS (Finnish Standards Association), “SFS EN 12464-1: Light and Lighting- 
Lighting of Work Places- Part 1: Indoor Work Places,” 2011. 
[87] I. Iskra-Golec, A. Wazna, and L. Smith, “Effects of blue enriched light on the 
daily course of mood, sleepiness and light perception: A field experiment,” 
Light. Res. Technol., vol. 44, no. 4, pp. 506–513, 2012. 
                                                                                                                                      References 
49 
[88] E. Rautkyla, M. Puolakka, E. Tetri, and L. Halonen, “Effects of correlated 
colour temperature and timing of light exposure on daytime alertness in lecture 
environments,” J. Light Vis. Environ., vol. 34, no. 2, pp. 59–68, 2010. 
[89] P. Bodrogi, S. Bruckner, and T. Khanh, “Ordinal scale based description of 
colour rendering,” Color Res. Appl., vol. 36, no. 4, pp. 272–285, 2011. 
[90] K. Smet, W. Ryckaert, M. Pointer, G. Deconinck, and P. Hanselaer, “Memory 
colours and colour quality evaluation of conventional and solidstate lamps,” 
Opt. Express, vol. 18, no. 25, pp. 26229–26244, 2010.  
 50 
Appendix A 
The spectra of different types of LEDs, incandescent lamp and fluorescent 
lamp are shown in Figure A1 below. 
 
 
Figure A1. Relative SPDs of different types of LEDs (RGB LED, phosphor converted cool and 
warm white LEDs), incandescent lamp and fluorescent lamp. 
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Appendix B 
Some example graphs about the performance of the metrics regarding differ-
ent aspects of lighting are shown below.  
 
 
Figure B. The performance of the different metrics in terms of brightness (Figure B1), comfort 
(Figure B2), and pleasantness (Figure B3) for different SPDs at 4000K in lighting booth 
experiment and in terms of brightness at desk (Figure B4), brightness at table (Figure 5) 
and overall spaciousness (Figure B6) for different SPDs at 4000K in office room experi-
ment. 
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